We tested the hypothesis that the cardiac-related rhythm in muscle sympathetic nerve activity (MSNA) of humans reflects entrainment of a central oscillator by pulse-synchronous baroreceptor nerve activity. Partial autospectral analysis was used to mathematically remove the portion of cardiac-related power in MSNA autospectra that was attributable to its linear relationship to the ECG. In 54 of 98 cases, Ն15% of cardiac-related power remained after partialization with the ECG; peak residual cardiac-related power was often at a frequency different than heart rate. When assessed on a cardiac-related burst-byburst basis, there was a progressive and cyclic change in the ECG-MSNA interval (delay from R wave to peak of cardiacrelated burst) on the time scale of respiration in four subjects. In these subjects, as well as in some in which the interval appeared to change randomly, there was an inverse relationship between the ECG-MSNA interval and cardiac-related burst amplitude. However, in 45% of the cases, these parameters were not related. These results support the view that the cardiac-related rhythm in MSNA reflects forcing of a nonlinear oscillator rather than periodic inhibition of unstructured, random activity.
baroreceptor-induced entrainment; coherence analysis; nonlinear oscillator; partial autospectral analysis; time-series analysis A HALLMARK of muscle sympathetic nerve activity (MSNA) in resting humans is the appearance of pulsesynchronous bursts of variable amplitude that occur sporadically or in short sequences (9, 10, 25, 33, 43, 44, 46, 50, 52) . The waxing and waning in amplitude of these cardiac-related bursts correlates with spontaneous fluctuations in blood pressure, with periods of enhanced MSNA preceded by episodes of reduced blood pressure (44, 46, 51, 52) . In some subjects, the variations in cardiac-related burst amplitude are on the time scale of the respiratory cycle (9, 10, 25, 38) . Eckberg et al. (10) reported that the maximum MSNA occurred at end expiration and minimum activity occurred at end inspiration.
Although the idea that cyclic movements (locomotion) are generated by sensory feedback from muscles (21) rather than a central pattern generator was dismissed by the early 1980s (23, 24) , an analogous theory persists in recent literature (27, 35, 49) for the cardiacrelated rhythm in the discharges of sympathetic nerves. Specifically, the cardiac-related rhythm is often attributed simply to the waxing and waning of central inhibition induced by pulse-synchronous baroreceptor nerve activity (1, 9, 15, 22, 27, 35, 49, (51) (52) (53) . In support of this view, Wallin and colleagues (9, 15, 44) reported that there was a nearly constant delay from the R wave of the ECG to the peak of the corresponding sympathetic burst in MSNA of humans. They noted that the mean ECG-MSNA interval for an individual was stable at rest, independent of heart rate, and dependent on the height of the subject. They equated this interval with the latency of baroreceptorinduced inhibition of MSNA (9, 15, 31, 43) . After correction for the reflex delay, the profile of MSNA was described as an inverse mirror image of the arterial pressure signal (44, 50, 51) . A modest reduction (8-10%) in the mean reflex latency has been noted during some procedures, including the Valsalva maneuver, deep breathing, and arousal from sleep (14, 39, 55) . In an assessment of cardiac-related burst-by-burst changes in the ECG-MSNA interval during prolonged expiratory apnea or lower body negative pressure, Wallin et al. (49) determined that the MSNA burst amplitude increased as the interval became shorter. Although not ruling out changes within central neural circuits, they speculated that the inverse relationship could be explained entirely by recruitment of fasterconducting postganglionic fibers leading to shortening of the ECG-MSNA interval and larger-amplitude sympathetic bursts.
Several characteristics of the relationship between the arterial pulse and sympathetic nerve discharge (SND) in anesthetized cats are not consistent with the view that the cardiac-related rhythm is the mere consequence of periodic inhibition of randomly generated activity by baroreceptor nerve activity [for reviews, see Barman and Gebber (4) and Gebber (18) ]. Rather, they are consistent with the generic properties of a forced nonlinear oscillator (11, 20, 40, 41, 48, 54) whose intrinsic frequency is close enough to the heart rate so as to allow for its entrainment in a 1:1 relationship to pulse-synchronous baroreceptor nerve activity. First, as demonstrated by spectral analysis, oscillations with a frequency near that of the heartbeat (2-to 6-Hz range) persist in SND after baroreceptor denervation (2) . Second, the interval between the arterial pulse and the peak of the cardiac-related burst of SND is dependent on the heart rate (17) . Third, Larsen et al. (36) used partial autospectral analysis to mathematically remove the portion of the cardiac-related power in SND that was attributable to its linear relationship to pulsesynchronous baroreceptor nerve activity ("theoretical baroreceptor denervation"). Importantly, in most cases, partialization of the SND autospectrum with the arterial pulse did not remove all of the power in the cardiac-related band of SND. Moreover, peak residual cardiac-related power was often at a frequency either lower or higher than the heart rate. In such cases, the forcing baroreceptor input may have been too weak and/or the difference between the heart rate and the preferred frequency of the central sympathetic oscillator may have been too great to allow for complete capture (strict phase locking) of the centrally generated rhythm (11, 20, 40, 48) . Fourth, Lewis et al. (37) used time-series analysis to measure cycle-by-cycle changes in the phase lag of the peak of the cardiacrelated burst in SND relative to the peak of the preceding arterial pulse. They showed that, in many cases, there was a progressive and systematic change in the phase lag of SND relative to the arterial pulse on the time scale of the respiratory cycle. Phase slippage in other systems has been attributed to the loss of entrainment of a nonlinear oscillator to its forcing input, leading to phase and frequency desynchronization (11, 26, 30) . Taken together, such findings support the hypothesis that the cardiac-related rhythm in SND of cats reflects baroreceptor-induced entrainment of a nonlinear oscillator by pulse-synchronous baroreceptor nerve activity.
In the current study, we applied analytic techniques similar to those used in studies in cats (36, 37) to test the hypothesis that the cardiac-related rhythm in MSNA of humans reflects baroreceptor-induced entrainment of a central sympathetic oscillator. The composite findings support this view as opposed to the classical theory of the origin of this rhythm.
METHODS

Subjects
All data used for analyses were available from studies conducted at the University of Texas Southwestern Medical Center (Dallas, TX). The Institutional Review Board approved the protocols used, and each subject provided their informed written consent to participate. Data were collected from 32 volunteers (12 men and 20 women; means Ϯ SE: age, 42.8 Ϯ 2.6 yr; height, 169.3 Ϯ 1.6 cm; weight, 82.0 Ϯ 3.8 kg). Eleven of the female subjects had stage I hypertension, whereas all other subjects were free of any known cardiovascular or respiratory disease. Subjects were instructed to refrain from smoking cigarettes and drinking alcohol or caffeine-containing beverages for at least 12 h before the experiment.
Recordings
All experiments were performed with the subject in the supine position, relaxed, and breathing spontaneously. A lead II ECG recording was used to determine heart rate and to reflect timing of pulse-synchronous activity of baroreceptor and other cardiovascular afferent fibers (14, 17, 33, 49) . Respiratory movements were recorded with a strain-gauge pneumograph placed over the upper abdomen. Blood pressure was measured with an automated sphygmomanometer (Welch Allen). Postganglionic MSNA was recorded using standard microneurographic techniques (9, 25, (45) (46) (47) . A tungsten microelectrode with an uninsulated tip diameter of 1-5 m was inserted into the right or left peroneal nerve near the fibular head. A reference electrode with a larger uninsulated tip was inserted subcutaneously ϳ2 cm from the recording electrode. The nerve signal was processed by a preamplifier and an amplifier (model 662C-3, Nerve Traffic Analyzer, University of Iowa Bioengineering; Iowa City, IA) with a total gain of 90,000. MSNA was bandpass filtered (700-2,000 Hz), rectified, and integrated by a resistancecapacitance circuit (time constant, 0.1 s). In contrast to skin sympathetic nerve activity, MSNA is characterized by cardiac-related bursts that increase in frequency with end-expiratory breath holds and Valsalva maneuvers, and MSNA is not affected by arousal or skin stroking (46, 51) .
Experimental Procedures
Recordings were made at baseline and during an intravenous infusion of sodium nitroprusside (SNP) or a cold pressor test (CPT). SNP infusions started at 0.5 g/min and were increased by 0.5 g/min every 3 min until mean blood pressure decreased 15 mmHg or a maximum dose of 4 g/min was reached. CPT was performed by immersing the subject's left hand up to the wrist in ice water for 2 min. Infusion of SNP increases MSNA as a consequence of baroreceptor unloading (7, 45) , whereas CPT is used both clinically and experimentally to evaluate nonbaroreceptor reflex-mediated activation of MSNA (7, 13, 34, 47) .
Data Analyses
Data were originally saved using a model 4000 PCM Recording Adaptor (AR Vetter, Rebersburg, PA) and a model SLV-750HF Sony videocassette recorder. Data were played back and acquired (1-or 5-ms sampling intervals) with software and an analog-to-digital converter board from RC Electronics (Santa Barbara, CA) or Axon Instruments (Union City, CA) onto a Dell Optiplex GX400 computer. Data were then processed with Datapac software (Run Technologies; Mission Viejo, CA); linear smoothing (time constant, 100 ms) was applied to the MSNA signal, and dynamic demeaning was used to remove baseline shifts in the ECG signal. These manipulations minimized errors in detecting the timing of peaks in MSNA and the R wave of the ECG for time-series analysis (see Time-series analysis).
Frequency-domain analysis. Fast Fourier transform was used to construct autospectra of MSNA, ECG, and the respi-ratory signal and coherence functions (normalized crossspectra) relating pairs of these signals (19, 32) . A 50-Hz sample rate was used to construct spectra having a resolution of 0.05 Hz/bin. The autospectra and coherence functions, displayed on a scale of 0-5 Hz, were averages of 20-85 20-s data windows. For data blocks Ͻ400 s, data windows were overlapped to have a minimum of 20 windows in the average. The autospectrum of a signal shows how much power (voltage squared) is present at each frequency, and the coherence function measures the strength of linear correlation of two signals. According to Benignus (5), a coherence value of 0.1 signifies a statistically significant relationship between two signals when at least 20 windows are averaged. De Boer et al. (8) used a coherence value of 0.5 to indicate significance. In the current study, the ECG-MSNA coherence value at the frequency of the heartbeat was Ն0.5 in 94 of 98 data blocks. A perfect linear relationship would have a coherence value of 1.0; a statistically significant coherence value Ͻ1.0 would occur if either the linear relationship was obscured to some extent by noise in the system or the relationship between the signals was, in part, nonlinear. These alternatives can be distinguished by using the algorithm of Jenkins and Watts (29) to perform partial autospectral analysis.
Partial autospectral analysis involves the mathematical elimination of the portion of one signal (S1) that is predictable on the basis of its linear relationship to a second signal (S2). The partial autospectrum at a given frequency (f) is defined as AS S1րS2 ͑f ͒ ϭ AS S1 ͑f ͓͒1 Ϫ Coh S1-S2 (f )͔ where AS S1/S2 is the autospectrum of S1 partialized by S2, ASS1 is the ordinary autospectrum of S1, and CohS1-S2 is the ordinary coherence between signals S1 and S2. If the power in ASS1 at f is entirely predicted by S2, then partialization with S2 will remove all the power in S1 at that frequency. If, however, power in ASS1 at f is not fully predicted by S2, then residual power will be present in ASS1/S2 at that frequency (29, 42) . Residual power in a peak exceeding background level indicates that the relationship between S1 and S2 is not strictly linear. Such would be expected in the case when the frequency of a nonlinear oscillator is attracted to but does not reach that of its forcing input (36, 42) .
A macro written in Microsoft Excel 7.0 was used to measure the power above background activity in the cardiacrelated band of the MSNA autospectrum before and after partialization with the ECG. A line was fitted to connect the left and right limits of the peak surrounding the heart rate in the MSNA autospectrum (in the range over which the ECG-MSNA coherence function also contained a peak), and power in this band was calculated as the area above this line (see Fig. 5A ).
Time-series analysis. Software developed in our laboratory (37) was used to construct time series of the measurements shown in Fig. 1A . We measured 1) the interval (in ms) between R waves of the ECG (R-R interval) (Fig. 1A,a) , 2) the interval (in ms) between the R wave and the next peak of MSNA (Fig. 1A,b) , 3) the interval (in ms) between bursts of MSNA (MSNA interburst interval) (Fig. 1A,c) , and 4) the trough-to-peak amplitude of MSNA bursts (MSNA ampli- tude, in V) (Fig. 1A,d ). An average value of MSNA amplitude was obtained for each data block (i.e., during baseline, SNP infusion, and CPT). MSNA burst amplitude was also normalized on a scale of 0-1.0, with 1.0 representing the amplitude of the largest burst in a data block.
To align the ECG with the appropriate burst of MSNA, the values of Fig. 1A ,a and b, were summed (10, 14, 15, 38, 49, 55) . In some cases (e.g., if heart rate was near 2 Hz), it was necessary to add the values of the two preceding cardiac intervals to the value of Fig. 1A ,b to obtain a value consistent with the expected ECG-MSNA interval of ϳ1-1.5 s (9, 10, 15, 38, 43, 49, 53, 55) .
We constructed histograms of R-R intervals and MSNA interburst intervals. As shown in Fig. 1B , the first peak in the histogram of MSNA interburst intervals closely coincided with the single peak in the histogram of R-R intervals, and subsequent peaks in the MSNA interburst interval histogram were at multiples of the cardiac cycle time. Such histograms show that the bursts of MSNA used for time-series analysis were indeed cardiac related and that there were cardiac cycles in which bursts did not occur. The total number of counts in these histograms was used to obtain a ratio of the number of cardiac-related bursts of MSNA to the number of cardiac cycles (MSNA burst/ECG).
Statistical Analysis
Data are expressed as means Ϯ SE. Statistical analyses were done using Prism 3.0 or GraphPad Instat software. P Յ 0.05 indicated statistical significance. Student's paired t-test was used to compare values of ECG-MSNA coherence at the frequency of the heartbeat, MSNA burst/ECG, MSNA amplitude, root mean square (RMS) voltage (a measure of total power in the 0-to 25-Hz band of MSNA), mean blood pressure, and heart rate during baseline and SNP or CPT. Coherence values were subjected to z-transformation before this analysis. A paired t-test was also used to compare the SDs of the distributions of R-R intervals and MSNA interburst intervals. An unpaired t-test was used to compare the differences between minimum and maximum ECG-MSNA intervals in individuals during baseline, infusion of SNP, and CPT. The Pearson product-moment correlation coefficient (r value) was used to test for a relationship between the ECG-MSNA interval and MSNA amplitude. This method was also used to test for a dependency of residual cardiac-related power in the MSNA autospectrum after partialization with the ECG (MSNA/ECG autospectrum) on the ECG-MSNA coherence value, MSNA burst/ECG, mean heart rate, mean blood pressure, and MSNA amplitude. Fisher's exact test was used to compare the likelihood of having residual cardiacrelated power in the MSNA/ECG autospectrum during baseline versus infusion of SNP or CPT.
2 -Analysis was used to compare the likelihood of having a peak at a frequency other than the heart rate in the MSNA and MSNA/ECG autospectra during baseline, SNP infusion, and CPT.
RESULTS
Characteristics of MSNA
MSNA, ECG, and respiration were recorded in 27 subjects during baseline and SNP infusion and in 12 subjects during baseline and CPT. Seven subjects were studied on more than 1 day, and ten subjects were studied during both SNP infusion and CPT. Analyses were done on a total of 98 data blocks that ranged in length from 3-28 min (baseline), 3-10 min (SNP infusion), and 2 min (CPT). There were no remarkable differences in results from normotensive and hypertensive subjects, so the data from both groups were pooled. Figures 2 and 3 show examples of the patterns of MSNA seen in these subjects. In the traces shown in Fig. 2A , cardiac-related bursts of MSNA occurred during most of the cardiac cycles in a 40-s epoch while SNP was being infused. The amplitudes of cardiac-related bursts waxed and waned on the time scale of the respiratory cycle with peak amplitude occurring during inspiration (downward deflection). The record of MSNA was not advanced relative to the respiratory signal to account for peripheral conduction delays, as is often done by investigators interested in assessing the temporal relationship between central respiratory and sympathetic circuits (10, 38) . Figure 2B shows the results of spectral analysis of a 547-s data block from this individual during infusion of SNP. The two peaks in the MSNA autospectrum (Fig. 2B,a) are at the frequency of respiration (0.3 Hz) and at the frequency of the heartbeat (1.5 Hz). Coherence analysis revealed that MSNA was strongly correlated to the ECG at these two frequencies as well as at a harmonic of heart rate ( Fig. 2B,b) . The significant coherence between MSNA and the ECG at 0.3 Hz shows that both signals were correlated to the respiratory signal. As expected, the respiratory-MSNA coherence function contained a sharp peak at the frequency of respiration (Fig. 2B,c) .
The traces in Fig. 3A are from a baseline recording session for another individual. There were marked variations in the amplitude of cardiac-related bursts in MSNA, and the bursts occurred in clusters that were interspersed with periods of little or no activity during this 45-s epoch. MSNA was not correlated to respiration in this subject. The existence of a cardiac-related but not a respiratory-related rhythm in MSNA was formally demonstrated by spectral analysis of a 300-s data block (Fig. 3B) . The MSNA autospectrum (Fig.  3B ,a) contained a single sharp peak at the frequency of the heartbeat (1.05 Hz); the coherence value relating MSNA to the ECG at this frequency was 0.89 (Fig.  3B,b) . Although there was considerable power in the low-frequency range of the MSNA autospectrum, the respiratory-MSNA coherence value (0.09) at the frequency of respiration (0.25 Hz) was not significantly different than zero (Fig. 3B,c) .
In most cases (87 of 98), the peak in the cardiacrelated band of the MSNA autospectrum was at the frequency of the heartbeat. However, in 11 cases, these two values deviated by Ն0.1 Hz (resolution of measurement, 0.05 Hz). Figure 4A compares the heart rate (as determined by the peak in the ECG autospectrum) with the frequency of the peak in the cardiac-related band of the MSNA autospectrum for these data blocks. The peak in the MSNA autospectrum could be at a frequency lower (n ϭ 8) or higher (n ϭ 3) than the heart rate.
2 -Analysis showed that there was not a significant difference (P ϭ 0.6308) in the likelihood of having a peak at a frequency distinct from the heart rate Counts in the histograms of R-R intervals and MSNA interburst intervals (see Fig. 1B ) were used to determine MSNA burst/ECG. This value ranged from 0.09 to 0.92 in the 98 data blocks analyzed, which is comparable with the incidence of MSNA bursts/100 heartbeats reported by others (31, 43, 46, 52) . The MSNA burst/ECG differed by only 0.08 Ϯ 0.01 during multiple baseline recording sessions for 12 subjects studied on more than 1 day or twice on the same day. Likewise, the MSNA burst/ECG differed by only 0.09 Ϯ 0.02 during infusion of SNP on 2 days in seven individuals. The reproducibility in the frequency of occurrence of cardiac-related bursts during multiple recording sessions for an individual is a common feature in studies evaluating MSNA in humans (31, 43, 46, 52) . An additional indication of reproducibility is that the ECG-MSNA coherence value differed by only 0.11 Ϯ 0.02 during multiple baseline recording sessions for 12 individuals.
There was considerably more variation in the distribution of MSNA interburst intervals than in the distribution of R-R intervals. This was the case even when one limited the comparison to instances in which there was a burst of MSNA in consecutive cardiac cycles (the first peak in the histogram of MSNA interburst intervals). This point is illustrated in Fig. 1C , which shows this segment of the histograms of R-R intervals and MSNA interburst intervals on an expanded time base. We compared this portion of the histograms for 42 data blocks in which bursts of MSNA frequently occurred in consecutive cardiac cycles. There was a statistically significant difference (P Ͻ 0.001, paired t-test) between the SDs of the distributions of R-R intervals and MSNA interburst intervals (53 Ϯ 3 vs. 87 Ϯ 3 ms, respectively). Table 1 shows the effects of infusion of SNP and CPT on mean blood pressure, mean heart rate, and MSNA. Data are means Ϯ SE of 35 data blocks before and during sodium nitroprusside (SNP) infusion and 14 data blocks before and during the cold pressor test (CPT). ECG-MSNA Coh value, ECG-muscle sympathetic nerve activity (MSNA) coherence value at the frequency of the heartbeat; MSNA burst/ECG, number of cardiac-related bursts per number of heartbeats in a data block; MSNA amplitude, trough-to-peak amplitude of MSNA; RMS voltage, root-mean-square voltage from the MSNA autospectrum. Residual cardiac-related power refers to the power (voltage squared) in the cardiac-related band of the MSNA autospectrum after partialization with the ECG (%control) for cases (n) in which the value was Ն15%. * Significantly different from baseline (P Յ 0.05, paired t-test).
Mean blood pressure was significantly decreased during infusion of SNP and significantly increased during CPT, whereas heart rate was significantly increased by both procedures. In all 98 data blocks, there was a cardiac-related rhythm in MSNA, as evidenced by an ECG-MSNA coherence value at the frequency of the heartbeat that ranged from 0.27 to 0.92. The coherence value was Ն0.5 in 94 of 98 data blocks (see Fig. 6 ). The mean ECG-MSNA coherence value at the frequency of the heartbeat during SNP infusion and CPT was not significantly different from that during baseline. Both procedures significantly increased the MSNA burst/ ECG and MSNA trough-to-peak amplitude (in V), which led to significant increases in RMS voltage (a reflection of total power) in MSNA.
Although there was often a peak in the MSNA autospectrum at a frequency Ͻ0.5 Hz, this band of activity was significantly correlated to the respiratory signal (Resp-MSNA coherence value: 0.47 Ϯ 0.03) in only 36 of 98 data blocks analyzed. These cases included recordings during baseline (n ϭ 13), SNP infusion (n ϭ 20), and CPT (n ϭ 3). Figure 5 shows two examples of partialization of the MSNA autospectrum with the ECG. The MSNA autospectrum (Fig. 5A,b , solid line) contained a band of power with a peak at the frequency of the heartbeat (1.55 Hz), as discerned from the ECG autospectrum (Fig. 5A,a) ; the ECG-MSNA coherence value at this frequency was 0.61 (Fig. 5A,c) . After partialization of the MSNA autospectrum with the ECG, there was residual cardiac-related power (46% of control). There were two peaks in this frequency band of the MSNA/ ECG autospectrum (Fig. 5A,b , shaded area): one at a value lower (1.35 Hz) and one at a value higher (1.70 Hz) than the heart rate. Residual cardiac-related power in the MSNA/ECG autospectrum was arbitrarily defined as Ն15% of the power that occurred in this band in the MSNA autospectrum before partialization. Such was the case for 54 of 98 data blocks; residual cardiac-related power was 36 Ϯ 2% of control (range: 15-69% of control). In the other cases, partialization of the MSNA autospectrum with the ECG virtually elim- inated cardiac-related power (6 Ϯ 1% of control, n ϭ 44). In the example shown in Fig. 5B , the ECG-MSNA coherence value at the frequency of the heartbeat (1.10 Hz) was 0.87.
Partialization of the MSNA Autospectrum with the ECG
There was a greater likelihood (P ϭ 0.0213, Fisher's exact test) of having residual cardiac-related power in the MSNA/ECG autospectrum during CPT (11 of 14 cases) than during baseline (4 of 14 cases). There was a tendency (P ϭ 0.0534) for SNP infusion to increase the likelihood of having residual cardiac-related power (15 of 35 cases at baseline vs. 24 of 35 cases during SNP). There was no difference (P ϭ 0.5185) in the likelihood of having residual cardiac-related power during baseline for these two groups. The values of residual cardiac-related power were similar (within 8 Ϯ 2% of each other, n ϭ 18 pairings) during multiple baseline recording sessions for individuals studied on more than 1 day or twice on the same day; it was also similar (within 10 Ϯ 2%) during infusion of SNP on different days (n ϭ 8 pairings).
As shown in Fig. 4B , in 30 of 54 MSNA/ECG autospectra, the peak(s) in the band of residual cardiacrelated power occurred at a frequency that differed from heart rate by at least 0.1 Hz. The peak could be at a frequency lower (n ϭ 27) or higher (n ϭ 5) than the heart rate; two of the MSNA/ECG autospectra contained two peaks.
2 -Analysis showed that there was not a significant difference (P ϭ 0.2400) in the likelihood of having a peak at a frequency distinct from the heart rate during baseline (13 of 19 spectra), SNP infusion (10 of 24 spectra), and CPT (7 of 11 spectra).
We assessed the impact of several factors on the magnitude of cardiac-related power in MSNA/ECG autospectrum. As shown in Fig. 6 , there was a significant inverse relationship (r ϭ Ϫ0.6223, P Ͻ 0.0001) between the ECG-MSNA coherence value at the frequency of the heartbeat and the magnitude of cardiacrelated power in the MSNA/ECG autospectra. However, there was no relationship between the magnitude of cardiac-related power and MSNA burst/ECG (r ϭ Ϫ0.1122, P ϭ 0.2713), mean heart rate (r ϭ 0.1699, P ϭ 0.0945), mean blood pressure (r ϭ Ϫ0.0182, P ϭ 0.8591), or MSNA amplitude (r ϭ 0.0208, P ϭ 0.8392).
Measurements of the ECG-MSNA Interval
We made cardiac-related burst-by-burst measurements of the ECG-MSNA interval (sum of Fig. 1A ,a and b) in 42 data blocks (2-30 min) from 22 subjects during baseline (n ϭ 14), infusion of SNP (n ϭ 23), and CPT (n ϭ 5). This analysis was limited to data blocks in which the MSNA burst/ECG was at least 0.6. The mean ECG-MSNA interval averaged 1,302 Ϯ 8 ms (range: 1,172-1,399 ms). We quantified the variability of the ECG-MSNA interval within each of the 42 data blocks. The difference between the minimum and maximum values of ECG-MSNA interval averaged 556 Ϯ 27 ms (range: 205-806 ms). The difference was similar during baseline (610 Ϯ 46 ms) and infusion of SNP (560 Ϯ 35 ms); however, it was significantly less (P Յ 0.01, unpaired t-tests) during CPT (387 Ϯ 67 ms).
Patterns of Change in the ECG-MSNA Interval
The 42 data blocks used for time-series analysis were divided into smaller segments (n ϭ 223) of at least 40 s containing 36-100 ECG-MSNA intervals. Two patterns of cardiac-related burst-by-burst changes in the ECG-MSNA interval were seen. Figures 7C and 8C show two examples of the most common pattern, which was characterized by apparently random variations in the interval. The second pattern was seen in four subjects and was characterized by a progressive and systematic change in ECG-MSNA interval on the time scale of respiration. An example of this pattern of cardiac-related burst-by-burst variation in the ECG-MSNA interval is shown in Fig. 9C for a portion of the data segment shown in Fig. 2A . Note that the shortest interval during each respiratory cycle occurred near end-inspiration. The R-R interval remained relatively constant (Fig. 9B) .
Relationship Between the ECG-MSNA Interval and MSNA Cardiac-Related Burst Amplitude
ECG-MSNA interval (sum of Fig. 1A,a and b) and MSNA cardiac-related burst amplitude (Fig. 1A,d ) were inversely related in 123 of 223 data segments; r values averaged Ϫ0.5296 Ϯ 0.0134 (range: from Ϫ0.2607 to Ϫ0.8365). The example of an inverse relationship between these parameters shown in Fig. 7E is for a subject in which both the ECG-MSNA interval (Fig. 7C ) and cardiac-related burst amplitude (Fig. 7D ) changed in an apparently random fashion, unrelated to the phases of the respiratory cycle. The example of an inverse relationship shown in Fig. 9E is for a subject in which the changes in the ECG-MSNA interval and cardiac-related burst amplitude were respiratory related. The plot of 51 data points shown in Fig. 9E is for a 40-s data block; however, to more easily visualize the respiratory-related pattern of the changes in the ECG-MSNA interval and cardiac-related burst amplitude, the time series in Fig. 9 , C and D, shows only 15 s of this data block.
In the other 100 data blocks, there was not a significant relationship between the ECG-MSNA interval and cardiac-related burst amplitude. As shown by the representative example in Fig. 8 , the changes in these parameters occurred in an apparently random fashion.
DISCUSSION
This is the first study to specifically address the hypothesis that the cardiac-related rhythm in MSNA of humans is due to baroreceptor-induced forcing of a central sympathetic oscillator whose frequency is close to the heart rate. A key observation in support of this view is the existence of residual cardiac-related power in the MSNA/ECG autospectrum in over 50% of the data blocks analyzed. Residual cardiac-related power rising above background results from activity in this frequency band that is not linearly related to pulsesynchronous activity of baroreceptor and other cardiovascular afferent fibers as reflected by the ECG (30, 36) . Importantly, the peak in the cardiac-related band of the MSNA/ECG autospectrum was often at a frequency distinct from (usually lower than) the heart rate. On occasion, this was also the case for the peak in the MSNA autospectrum. Such findings imply that a central sympathetic oscillator was attracted to the frequency of the heartbeat, although strict phase locking was not achieved. This type of relationship is generally referred to as "relative coordination" (30, 48) , a condition that may arise as a consequence of a relatively weak forcing input and/or too great of a difference between heart rate and the preferred intrinsic frequency of the central oscillator. We also found cases in which partialization of the MSNA autospectrum with the ECG virtually eliminated cardiac-related power. Within the framework of our hypothesis, such cases would reflect a state of strict phase locking or "absolute coordination" of a nonlinear oscillator to its forcing input (30, 48) .
Other findings of the current study are also consistent with the view that cardiac-related bursts are forced oscillations rather than the consequence of a near-constant onset latency of baroreceptor-induced inhibition of randomly generated sympathetic activity, as has been suggested by others (9, 15, 49, (51) (52) (53) . In four subjects, an analysis of cardiac-related burst-byburst changes in the ECG-MSNA interval revealed a progressive and systematic change in the interval on the time scale of the respiratory cycle. Within the context of the forced oscillator hypothesis, this could be explained in two ways. Episodes of progressive, cyclic changes in the ECG-MSNA interval might reflect respiratory-related resetting of the angle of strict phase locking of the sympathetic oscillator to its forcing baroreceptor input. The degree of resetting would change on a cardiac-related burst-by-burst basis as a function of an ever-changing level of respiratory input to the circuit governing baroreceptor-sympathetic coordination. Alternatively, progressive changes in the ECG-MSNA interval might reflect phase slippage of the sympathetic oscillator relative to its forcing baroreceptor input, as might occur in relative coordination. Progressive phase slippage is expected when the frequency of an oscillator is stable but somewhat different from that of its weak, periodic forcing input (30, 48) .
Variations in the ECG-MSNA interval most often occurred in an apparently random fashion. In cases in which the peak in the MSNA and MSNA/ECG autospectra was close to but not the same as heart rate, we presume that an unstable central oscillator with a fluctuating frequency was attracted to but not strictly phase locked to its forcing baroreceptor input. Under this condition, residual cardiac-related power would be expected in the MSNA/ECG autospectra, but the ECG-MSNA interval would vary erratically on a cardiacrelated burst-by-burst basis depending on the momentary frequency of the unstable central oscillator. Although the characteristics of human MSNA deprived of baroreceptor control have not been well described (16) , the frequency of sympathetic bursts in baroreceptor-denervated cats varies between 2 and 6 Hz (2, 4, 18) . Thus the central oscillator that is normally entrained 1:1 to the cardiac cycle in the cat is inherently unstable in the absence of baroreceptor input.
The difference between the minimum and maximum ECG-MSNA interval in individual data blocks was considerable, averaging 552 ms. This is far from a "near-constant latency," which would be predicted on the basis of the classic model of generation of the cardiac-related rhythm by periodic inhibition of randomly generated MSNA (9, 15, 49, (51) (52) (53) . Others (14, 39, 49, 55) have reported smaller, albeit significant, variations (200-300 ms) in this interval during expiratory apnea, the Valsalva maneuver, and spontaneous arousals from sleep. To reconcile these data with the classic view for generation of cardiac-related bursts in MSNA, Wallin et al. (49) suggested that the variations in the ECG-MSNA interval could be explained by the "size principle" originally used by Henneman and Mendell (28) to account for the order of recruitment of somatomotor neurons. As described by Wallin and colleagues (14, 15, 49) , the ECG-MSNA interval has several components. It is estimated that 100-150 ms of this interval is the time between the R wave of the Fig. 8 . Time series in which the ECG-MSNA interval and MSNA amplitude changed in an apparently random fashion and were not correlated. The sequence of traces is the same as in Fig. 7 ; data are from same baseline recording session as in Figs. 1 and 5B.
ECG and arrival of pulse-synchronous baroreceptor nerve activity in the brain stem (14, 15) . Central processing of baroreceptor information in the brainstem of humans has been estimated to take 250-300 ms (6, 15) . There are no direct measures for spinal pathway conduction time to preganglionic sympathetic neurons to the peroneal nerve, but it is estimated to take 250-300 ms (15, 49) . The remaining portion of the ECG-MSNA interval (averaging ϳ600 ms) is attributed to conduction along the sympathetic fibers of the peroneal nerve, with an average conduction velocity of ϳ1 m/s (15, 25) . Because the difference between minimal and maximal ECG-MSNA intervals during lower body negative pressure was larger for the peroneal nerve in the leg (120 ms) than the radial nerve in the arm (90 ms), for which conductance distance is shorter, Wallin et al. (49) concluded that changes in the time involved in central processing, which should be the same for both nerves, could not account for the variability in the ECG-MSNA interval. Rather, they suggested that the variability in the interval was attributable to the range of axonal conduction velocities in postganglionic sympathetic fibers. Specifically, in a manner analogous to the order of recruitment of ␣-motoneurons by their excitatory inputs (28), Wallin et al. (49) proposed that as central sympathetic drive is increased, postganglionic neurons with more rapidly conducting axons are recruited in an orderly fashion. This would lead to a reduction in ECG-MSNA interval and a concomitant increase in burst amplitude. An important corollary of this is that there would be an inverse relationship between the ECG-MSNA interval and cardiac-related burst amplitude. They reported that this was a common feature of their data. In contrast, we noted that these parameters were unrelated in 45% of the data blocks analyzed. Thus the size principle cannot explain the cardiac-related burst-by-burst variations in the ECG-MSNA interval seen in many of the data blocks that we analyzed. Morgan et al. (39) and Xie et al. (55) came to the same conclusion when they reported only a very weak correlation between the ECG-MSNA interval and cardiac-related burst amplitude in studies dealing with changes in MSNA during sleep and arousal in humans.
As already mentioned, the variability of ECG-MSNA intervals during baseline or infusion of SNP in our experiments was, on the average, considerably greater than that reported by others (14, 39, 49, 55) during various procedures. It is unlikely that the variability we noted was due to inadvertent counting of noncardiac-related bursts in MSNA. First, the mean value of the ECG-MSNA interval for individuals ranged from 1,172 to 1,396, which is virtually identical to the range reported by others (9, 14, 15, 43, 49, 55) . Second, as Fig. 9 . Time series in which the ECG-MSNA interval and MSNA amplitude were inversely related and changed on the time scale of the respiratory cycle. The sequence of traces is the same as in Fig. 7 . Plot in E is for a 40-s data block (same as in Fig. 2A ) that includes the 15-s time series in C and D. Data were collected during an infusion of SNP.
shown by the example in Fig. 1B , counts in the MSNA interburst interval histograms fell within peaks that corresponded to the R-R interval or its multiples.
Three additional findings of the current study are also consistent with the forced oscillator theory for generation of cardiac-related bursts in MSNA. First, there was considerably more variability in the MSNA interburst intervals within consecutive cardiac cycles than in R-R intervals in individual data blocks. We doubt that this difference is artifactual because measurements of the timing of MSNA peaks were made after linear smoothing, which minimizes errors in peak detection (see METHODS) . Second, the ECG-MSNA coherence value at the frequency of the heartbeat never reached 1.0. Although this could be due to the existence of physiological noise in MSNA in the frequency range of the heartbeat (as reflected by background power), it can also be explained by imperfect entrainment of a nonlinear oscillator to its forcing input. Finally, the magnitude of residual cardiac-related power in the MSNA/ECG autospectra was inversely related to the ECG-MSNA coherence value at the frequency of the heartbeat. This too is consistent with the forced oscillator hypothesis because relatively high ECG-MSNA coherence values would be expected when the oscillator is strongly entrained to its forcing baroreceptor input. Strong entrainment would cause the sympathetic oscillator to have the same frequency as the heartbeat. As a result, partialization of the MSNA autospectra with the ECG would essentially eliminate cardiacrelated power. In contrast, a relatively low ECG-MSNA coherence value signifies a state of weaker entrainment that allows a higher proportion of sympathetic bursts to occur at a frequency somewhat different than heart rate. Under this situation, there would be considerable residual cardiac-related power in the MSNA/ ECG autospectra.
We expected that the fall in mean blood pressure during the infusion of SNP would lead to a decrease in the ECG-MSNA coherence value at the frequency of the heartbeat and an increase in the percent of residual cardiac-related power. However, this was not the case. Perhaps the ECG-MSNA coherence value did not change because the reduced level of pulse-synchronous baroreceptor nerve activity during the fall in mean blood pressure was counterbalanced by an increase in the number of cardiac cycles in which there was a burst of MSNA (i.e., MSNA burst/ECG). An increase in the ratio by itself would increase the coherence value (3). Nonetheless, there was a tendency (although not statistically significant) for SNP to increase the likelihood (24 of 35 cases) of having residual cardiac-related power compared with baseline conditions (15 of 35 cases).
The fact that the ECG-MSNA coherence value at the frequency of the heartbeat was not increased during the rise in mean blood pressure produced by CPT might be explained as follows. Enhanced pulse-synchronous baroreceptor nerve activity during the pressor response would be expected to increase the coherence value. However, this effect might have been counterbalanced by increased central sympathetic drive leading to the increase in mean blood pressure that would have made it more difficult for baroreceptor nerve activity to entrain a "hyperexcitable" central oscillator. Nevertheless, we did note that there was a significantly greater likelihood of having residual cardiac-related power during CPT (11 of 14 cases) than during baseline (4 of 14 cases). Also, in most (7 of 11) cases during CPT, the peak of the residual cardiacrelated power was at a frequency lower or higher than heart rate. Both of these observations are consistent with an increased tendency for a "hyperexcitable" oscillator to escape entrainment to its forcing input.
Although ours is the first study to specifically address the possibility that cardiac-related bursts in MSNA of humans reflect the entrainment of an oscillator, evidence in support of this notion can be found in studies from other laboratories. If cardiac-related bursts in MSNA resulted simply as the consequence of periodic inhibition of randomly generated activity (9, 15, 49, (51) (52) (53) , then interruption of the baroreceptor input should result in the elimination of synchronous bursts of MSNA. In contrast, Fagius et al. (16) reported that MSNA still occurred in bursts that were not synchronized to the heartbeat during short-lasting baroreceptor deafferentation (bilateral local anesthesia of the glossopharyngeal and vagus nerves in the neck). On this basis, Wallin and Fagius (50) suggested that the characteristic pattern of MSNA "is brought about by recurrent baroreceptor inhibition entraining the bursts in the cardiac rhythm." The predominant burst frequency of MSNA during interruption of baroreceptor reflexes was 0.4-0.7 Hz in these subjects whose baseline heart rates were 0.8 and 1.1 Hz. This finding is consistent with our observation that the peak in the band of residual cardiac-related power in the MSNA/ ECG autospectra was most often at a frequency less than the heart rate. Fagius (12) also suggested that MSNA had an inherent characteristic of occurring in bursts because, without fail in 10 subjects, the sympathetic burst after an extrasystole was terminated considerably earlier than expected on the basis of the baroreceptor reflex latency. The ECG-MSNA interval was reduced by as much as 51% under these conditions. Wallin et al. (49) also noted a similar phenomenon at the end of a prolonged expiratory apnea in some subjects. Xie et al. (55) reported that the mean ECG-MSNA interval was shortened upon spontaneous arousals from slow wave sleep and subsequent to the appearance of spontaneous K complexes in the electroencephalogram. Finally, Kocsis et al. (33) reported that a peak often remained at or near the frequency of the heartbeat in the left MSNA-to-right MSNA coherence function after partialization with the ECG or the arterial pulse. This suggests that the correlation between these two signals in the cardiac-related frequency band was not solely attributable to shared pulse-synchronous baroreceptor input.
In summary, the combined results of frequency-domain and time-domain analyses in the current study support the view that, as is the case for SND in the cat (4, 18) , the cardiac-related rhythm in MSNA of humans reflects entrainment of a central sympathetic oscillator to pulse-synchronous baroreceptor nerve activity.
